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We analyze the LSND, KARMEN and MiniBooNE data on short-baseline — > Ve oscillations 
and the data on short-baseline i>e disappearance obtained in the Bugey-3 and CHOOZ reactor ex- 
periments in the framework of 3+1 antineutrino mixing, taking into account the MINOS observation 
of long-baseline z?^ disappearance and the KamLAND observation of very-long-baseline disap- 
pearance. We show that the fit of the data implies that the short-baseline disappearance of i'^ is 
relatively large. We obtain a prediction of an effective amplitude sin^ 2^fj,^ > 0.1 for short-baseline 
disappearance generated by 0.2 < Am^ < 1 eV^, which could be measured in future experiments. 
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The MiniBooNE experiment [7] measured recently a 



signal of t'^ 



transitions at the same ratio of dis- 



tance (L) and energy {E) of that observed in the LSND 
experiment • This is a strong indication in favor short- 
baseline Dp, -+ Vf, oscillations, which depend just on the 
ratio L/E (see Refs. :3:-10]). 

In Ref. [11] we discussed the interpretation of the Mini- 
BooNE and LSND signals in a minimal framework of 
short-baseline oscillations of antineutrinos with a two- 
neutrino-like transition probability which depends on an 
effective mixing angle and an effective squared-mass dif- 
ference, such as that obtained in the case of four-neutrino 
mixing (see Refs. 0, 0, H, The oscillations of an- 
tineutrinos may be different from those of neutrinos , 
since the MiniBooNE experiment with a neutrino beam 
did not observe a signal of short-baseline oscil- 
lations [III compatible with the MiniBooNE and LSND 
measurements of -+ oscillations. Other hints in 
favor of CPT-violating different values of the effective 
squared-mass differences and mixings of neutrinos and 
antineutrinos come from the comparison of the data on 
long-baseline and disappearance in the MINOS ex- 
periment [l3] and from a neutrino oscillation analysis [l5j | 
of the electron neutrino data of the Gallium radioactive 
source GALLEX [16,] and SAGE il7j experiments and 
the electron antineutrino data of the reactor Bugey-3 [l^ 
and Chooz fio'] experiments. Moreover, if only antineu- 
trino oscillation data are considered, the strong tension 
between the data of short-baseline appearance and disap- 
pearance experiments in 3-1 -1 [ 6|, [20l. [2l| and 3-1-2 [23l] 
mixing schemes is relaxed |23. b ecause the crucial data 
of the CDHSW experiment |25j ] constrain only short- 
baseline disappearance and the strong constraint com- 



has been evaluated assuming equal disappearance of 
and z/^. 

In Ref. [ll| we considered the constraints on short- 
baseline v^^ -+ j/e oscillations coming from the data of the 
KARMEN experiment [111 and the data of the Bugey-3 
[Hi and Chooz [li| experiments. The KARMEN ex- 
periment [1^ did not observe short-baseline -+ Vf. 
oscillations at a distance which was about half that of 
LSND, with the same neutrino energy spectrum. Hence, 
the KARMEN data constrain the parameter space of 
neutrino mixing which can explain the LSND and Mini- 
BooNE signals. The data of the Bugey-3 [ll| and Chooz 
[l9| experiments provide the most stringent constraints 
on short-baseline disappearance of reactor i/g's. For sim- 
plicity, we considered the case in which the probability of 

disappearance is equal to the probability of v^^ — > 
oscillations, Pg^^-n^^ = 1 — Pp^_j.p^. This is the limit of 
the model-independent inequality P^^^u^ < 1 — Pu^^u^ 
which follows from simple particle conservation. 

In this paper we improve the calculations presented in 
Ref. ll| by considering the constraints on the mixing of 
Dp following from the observation of long-baseline dis- 
appearance in the MINOS experiment [14| . In principle, 
there could be also a constraint coming from the data of 
the Super-Kamiokande atmospheric neutrino experiment 
[27l |. but since the Super-Kamiokande detector cannot 
distinguish neutrinos from antineutrinos the extraction 
of such a constraint would require a detailed analysis of 
Super-Kamiokande atmospheric neutrino data which is 
beyond our possibilities. As we will see in the following, 
the MINOS measurement of long-baseline disappear- 
ance is sufficient to obtain a significant constraint on the 
mixing of which allows us to infer interesting predic- 



ing from Super-Kamiokande atmospheric neutrino data ^^^^^^ ^-^^ short-baseline disappearance of 

The MINOS constraints on the mixing of can be 

quantified only by considering a specific neutrino mixing 
scheme. Here, we adopt the simplest 3-f 1 four-neutrino 
mixing scheme (see Refs. [1, [1, H HI ) of antineutrinos in 
which there are three independent squared-mass differ- 
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ences: 



1. Am|j^ which generates the very-long-basehne disap- 
pearance of Vf. observed by the KamLAND reactor 
experiment [28|. 

2. Am|j^ which generates the long-basehne disappear- 
ance of observed by the MINOS accelerator ex- 
periment and the oscihations of atmospheric 



3. Am|]^ which generates the short-baseUne 



oscihations observed by the LSND |2j] and Mini- 
BooNE H accelerator experiments. 

In this scheme the effective transition and disappearance 
probabilities in short-baseline experiments are given by 



= sin2 sin2 



Pr^hr. = 1 - sin^ sin^ 



4£; 



(1) 
(2) 



with a ^ (5 and Am^ = Am|]^ for simplicity. The effec- 
tive mixing angles are related to the elements of the 4x4 
mixing matrix U of antincutrinos by 



4|(7„4nC//34|': 



sin^ 2-dai5 — sin^ 'i'&pa 
sin2 2z?„„ = 4|C/,4|'(1- |C/a4n . 

In this paper we consider the following data sets: 



(3) 
(4) 



(A) The LSND H, MiniBooNE [l| and KARMEN [2^ 
data on short-baseline — >■ Vf, oscillations, which 
depend on the product of \Uei\^ and |?7^t4p through 
sm^2-def,. We analyze the LSND and KARMEN 
data with the method described in Ref. [ll|. We 
update the analysis of MiniBooNE data presented 
in Ref. [ll| by using the information in the official 
MiniBooNE data release [291. 



The MINOS experiment observed 97 events with 
an expectation of 155 events in the case of no oscil- 
lations. The corresponding integral probability of 



v^j_ survival is 



AMINOS 



0.63 ±0.06. 



(6) 



In our analysis we constrain the value of |?/;^4p by 
adding to the global the MINOS contribution 



Xminos 



- P 



■MINOS^ 



^pMINOS 



(7) 



with pTZT = 0.63 and APp^iNOS ^ o.06. A more 
precise analysis of the MINOS energy spectrum of 
events taking into account the effect of {U^i]'^ 
will be presented elsewhere [3^. 

(D) The KamLAND measurement of very-long-baseline 
disappearance of Ve , with survival probability (28j 



P, 



KL 



0.61 ±0.03. 



(8) 



Large values of |J7e4p are constrained by the in- 
equality [i^i 



< P 



KL 



(9) 



In our analysis we add to the global the Kam- 
LAND contribution 



Xkl 



max 



— KL 



0, |C/e4|4-P. 



ApKL - 




(10) 



with Pp^^p^ = 0.61 and AP^L^p^ = 0.03. 

We minimized the global with respect to the three 
mixing parameters Am^, |J7e4p, |t^M4p' ^"-"^ which we ob- 
tained the best-fit values 



(B) The Bugey-3 [18| and Chooz JJJ data on short- 
baseline Ve disappearance, which depends on |J7e4|^ 
through sin^ 2dee- We analyze these data with the 
method described in Ref. 30], taking into account 
that the Chooz ratio of observed events divided by 
the number of expected events in absence of oscil- 
lations must be decreased from i?chooz = 1.010 ± 
0.028 ± 0.036 to i?chooz = 0.997 ± 0.028 ± 0.036 
in order to remove the renormalization of the reac- 
tor flux done by the Chooz collaboration on the 
basis of the Bugey-4 integral measurement |3lj . 

(C) The MINOS ^ data on long-baseline disap- 
pearance, which constrains |f/;i4p through the in- 
equality [H [U 



It/, 



p4| 



< P^' 



MINOS 



Am2f = 0.45eV^ |C/e4|bf = 0.0042 , = 0.79 ., 



for 



(11) 



Xinin = 82.0 , NDF = 83 , GoF = 51% , (12) 



where NDF is the number of degrees of freedom and 
GoF is the goodness-of-fit. Hence the global fit is ac- 
ceptable. Moreover, the parameter goodness-of-fit [33j] is 
28%, which is reasonable. 

The best-fit values of the effective oscillation ampli- 
tudes corresponding to |C/e4|M and |?7^4|bf in Eq- (HB) are 

sin^ 2i9^f = 0.013 , sin^ 2^]:i = 0.017 , sin^ 2i9l^^ = 0.65 , 

(13) 

The allowed regions in the sin^ 2i?e;i-Am^, sin^ 2i?ee- 
(5) Am^ and sin^ 2z?„„-Am^ planes are shown in Figs. [T] 



3 



< 




v-(3+1) 

68.27% C.L (1a) 
90.00% C.L. 
95.45% C.L. (2a) 
99.00% C.L. 
99.73% C.L. (3a) 



> 

CD 



10" 



10 



1 r 




10-^ 



10" 



10" 



10" 

sin^2^, 



10" 



en 



Ax 



FIG. 1. Allowed regions in the sin 2i?e(i- 
point is indicated by a cross. 



-Am^ plane and marginal Ax^ 



Xmin's for sin 2i?e^ and Am 



The best-fit 



and m together with the marginal Ax 

2 

efL: ^^^^ ^^ee "-in-i om ^u^^. 

Figure [T] is similar to Fig. 7 of Ref. 11 

the constraint on |J7p4 



sm~ 2'dee and sin^ 2'!9^_ 

to Fig. 7 of Ref. 11]. In Fig. [U 
2 from MINOS data shifts the 



allowed interval of 



sin^ 2'd 



me 



C/^4p towards 



slightly smaller values with respect to those in Fig. 7 
of Ref. flT'l , where the upper bounds on sin^ 2i?e^ are 
given only by the reactor constraints on |C/e4pj allowing 
|J7^4p to be as large as unity. However, the change in 
the allowed intervals of Am^ and sin^ Z-iJe^ with respect 
to those obtained in Ref. [ll[ is rather small: from the 
marginal Ax^ 's in Fig. [T] we obtain 



2 X 10-3 < sin^ 2z9eu < 4 x 10"^ , 



0.2 < Am2 < 1 eV^ or At 



(14) 
6eV^ (15) 

2 , 



at 95% C.L. (to be compared with 2 x 10"^ < sin^ 2^ < 
5 X 10-2 and 0.2 < Am^ < 2eY^ obtained in Ref. [l|). 



Figure [5] shows the allowed regions in the sin^ 2t?ee- 
Am^ plane, together with the 3a exclusion curve ob- 
tained from the reactor Bugey-3 and Chooz data. One 
can see that sin^ is approximately bounded to be 
smaller than the limit imposed by the reactor data. Tak- 
ing into account the approximation 



sin^ 2i?p 



4|t/e4|' 



(16) 



which is valid for the small values of |J7e4p allowed by 
KamLAND data (Eq. Q), the lower limits on sm'^2i')ee 
follow from the need to have a value of sin^ 2deti = 
4|J7e4p|C^/i4p in the range in Eq. mi) with |C/^4|2 limited 
to be smaller than unity by Xminos ^'i- ©■ From the 
marg inal Ax^ in Fig. [2] we obtain 



7 X 10-''' < sin^ 2iLe < 6 X 10-^ . 



(17) 



at 95% C.L. 
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FIG. 2. Allowed regions in the sin^ and sin^ 2t?^^-Am^ planes and marginal Ax^ = ~ Xmin's for sin^ 2i9ee and 

sin'^ 2i9fi;j. The best-fit point is indicated by a cross. The thin dash-dotted line in the sin^ 2i?ee-Am^ plane represents the 3a 
exclusion curve obtained from the reactor Bugey-3 and Chooz data. 



Figure [2] shows also the allowed regions in the 
sin^ 2??^^-Ato^ plane and the marginal Ax^ for 
sin^ which gives 

sin2 2i9^^ >0.1, (18) 

at 95% C.L.. This result is interesting, because it im- 
plies that the short-baseline disappearance of P^'s is 
rather large and could be measured in future exper- 
iments jSJ-jSg]. The preferred region in Fig. [5] hes 
around the best-fit point in Eq. ((T3)) which corresponds 
to a rather large value of sin^2'!9^^. Notice that such 
large values of sin^ 2??^^ are not constrained by MT 
NOS data, because they correspond to values of |?/;^4|^ 
close to 1/2. MINOS data constrain small values of 
sin^ 2i^^^ = 4|[/^4p (l — |C/;i4p) in conjunction with the 
need to have a value of sin^ 2??e/^ = 4 1 C/e4 1 ^ | C^/j4 P in the 



range in Eq. (IT4l) with a small |[/e4|^ — sin^ 2i?ee/4 from 
Eq. (HZD. 

It is interesting to notice that in Fig. [5] large values 
of sin^ 2??pp are excluded for Am^ > 1 eV^ by the con- 
straints imposed by MiniBooNE data, which are in- 
cluded in the analysis according to the method described 
in Ref. [ll| taking into account the D^^ disappearance 
given by Eq. This is in agreement with the Mini- 
BooNE exclusion curve for i/^ disappearance in Fig. 3 of 
Ref. [13. 

In conclusion, we have analyzed the data of short- 
baseline antineutrino oscillation experiments taking into 
account the constraints on the mixing of i^^ given by the 
observation of long-baseline disappearance in the MI- 
NOS experiment [14] in the framework of 3-1-1 antineu- 
trino mixing. The LSND [2] and MiniBooNE ^ signals 
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FIG. 3. Comparison of the regions in the sin^ 2i?eM-Am^ plane allowed at 99% C.L. by LSND ^ and MiniBooNE ^v^^^Ve 
data on the right of each panel with the 99% C.L. exclusion curve on the left of each panel obtained from MiniBooNE — ^ Ue 
data [l^l, KARMEN -> Ve data [2^, CDHSW v,, u^, data Hi] atmospheric neutrino data and Bugey-S [3 and Chooz 
[l9| Vf. data with the standard reactor fluxes (left panel) and the new reactor Vi, fluxes of Ref. [39l. |40| (right panel). 



in favor of short-baseline oscillations are compat- 

ible with the constraints given by the data of the KAR- 
MEN [iHl short-baseline Ve experiment, the Bugey- 
3 [l^ and Chooz [l^ short-baseline Ve experiments, 
the MINOS [13] long-baseline experiments and 
the KamLAND [28l| very-long-baseline Ve Ve experi- 
ment. Our analysis predicts that the short-baseline dis- 
appearance of 9^ is rather large and could be measured in 
future short-baseline disappearance experiments sen- 
sitive to values of Am^ in the sub-eV^ region [s^-H^- 

Although the numerical results obtained in this pa- 
per depend on the chosen framework of 3-1-1 antineu- 
trino mixing, the prediction of large T>^ disappearance 
in short-baseline experiments is a general consequence 
of the LSND and MiniBooNE signals in favor of short- 
baseline Vf, oscillations. In fact, since the mixing 
of J>e with the massive neutrino(s) responsible for short- 
baseline oscillations is constrained to be small by the 
short-baseline reactor j>e data, taking into account the 
KamLAND measurement of a large very-long-baseline Ve 
disappearance, the mixing of with the massive neu- 
trino (s) responsible for short-baseline oscillations must 
be relatively large. The MINOS measurement of long- 
baseline v^j_ disappearance implies that i/^ must have also 



a relatively large mixing with the massive neutrino (s) re- 
sponsible for long-baseline oscillations. Therefore since 
have relatively large mixing with the two sets of 
massive neutrinos whose squared-mass difference gener- 
ate short-baseline oscillations, the amplitude of short- 
baseline disappearance must be large. The numerical 
predictions for such amplitude in mixing schemes more 
complicated than the simplest framework of 3-1-1 antineu- 
trino mixing considered here will be presented elsewhere 

Note Added 

After the completion of this work, a very interesting 
new evaluation of the Ve fluxes produced in nuclear re- 
actors has been published in Ref. [39*1 . The increase of 
about 3% of the flux normalization with respect to the 
standard evaluation used in the analysis of all experi- 
mental data (see Ref. [4l|) has several implications for 
the interpretation of neutrino oscillation data and may 
lead to a reactor antineutrino anomaly (40| . Such an in- 
crease of the reactor fluxes tends to decrease the ten- 
sion between the putative lack of and short-baseline 
disappearance and the LSND and MiniBooNE signals of 
short-baseline — j>e oscillations in CPT-invariant 3-1-1 
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neutrino mixing schemes d i, HO, [H IH, SI US] , reduc- 
ing the need to treat the oscillations of neutrinos and 
antineutrinos separately [ll|. Figure [3] illustrates the 
change by comparing the regions in the sin^ 2i?e;i-Am^ 
plane allowed at 99% C.L. by LSND ^2] and MiniBooNE 
[l| — > Pe data with the 99% C.L. exclusion curve ob- 
tained from MiniBooNE i^f, data [ll], KARMEN 
— >■ Ve data [26], CDHSW -> data [1^ atmo- 
spheric neutrino data 38] and Bugey-3 [l^ and Chooz 



[19| Ve — ^ data with the standard reactor fluxes and 
the new reactor fluxes. One can see that the change 
is very small. The parameter goodness-of-fit shifts from 
0.0048% to 0.0064%. Since the new reactor fluxes do 
not allow us to reconcile the data in the framework of 
CPT-invariant 3+1 neutrino mixing, the analysis of the 
antineutrino data presented in this paper remains valid. 
More detailed implications of the new reactor fluxes 
will be discussed elsewhere 1321. 
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